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Abstract 
We study how the collective effects of nanoparticles arranged in rectangular arrays influence their 
temporal plasmon response and field enhancement property. By systematically changing the lattice 
constant for arrays containing identical metal nanorods, we experimentally demonstrate how grating 
induced effects affect the position and, more importantly, the broadening of extinction spectra. We 
correlate these effects with the achievable field enhancement and the temporal duration of plasmon 
transients and formulate criteria for the generation of enhanced few-cycle localized plasmon oscillations.  
 
Introduction  
Metallic nanostructures exhibit strong optical extinction upon interaction with light due to resonantly 
driven electron oscillations (plasmons). Plasmon excitation in nanostructures leads to unique phenomena 
such as the concentration of light to nanoscopic volumes and closely related strong electric field 
enhancement [1, 2]. This plasmonic field enhancement and localization are exploited in applications like 
surface enhanced spectroscopies, plasmonic biosensors, optoelectronics, photovoltaics, strong-field 
physics or construction of ultrafast nanoscale electron emitters (for a review, see [3]). Photoelectron 
emission from metallic nanostructures is particularly interesting since with the help of photoelectron 
spectra, one can experimentally determine plasmonic field enhancement factors in a direct, robust and 
nondestructive manner [4-6]. 
 
For a single nanostructure, the plasmonic resonance phenomenon strongly depends on the particle shape 
as well as on the dielectric properties of the particle material and the surrounding medium. In experiments, 
in order to enable a strong enough signal from these nanoparticles and to reduce discrepancies caused by 
defects, they are often arranged in periodic arrays where a lot of these identical nanostructures can 
interact with the exciting light. For these ensembles of nanostructures, single particle plasmon resonance 
can be influenced by near-field or far-field electromagnetic interaction between the particles depending 
on the interparticle distance [7].  
 
Nearly touching nanoparticles can directly interact via their near-fields, while nanoparticles forming an 
ensemble with particle distances exceeding those allowing near-field coupling interact via their radiating 
dipolar fields. First theoretical predictions on the effect of far-field coupling on the extinction properties 
date back to the mid-80s [8]. As the nanofabrication capabilities developed, experimental works were also 
published focusing on the extinction spectra of various nanoparticles arrays [9-15]. Much effort was taken 
to describe and tune a sharp extinction peak developing under certain circumstances that can be beneficial 
for sensing applications [16-19].  
 
Lately, plasmonic systems preserving the temporal properties of ultrashort laser excitation along with 
enhanced fields have become the focus of interest. Even though the generation of few-cycle surface 
plasmon polariton wavepackets has been demonstrated [20, 21], it is more complicated to generate few-
cycle localized plasmon oscillations with strong electric fields [22] for several reasons. First of all, plasmonic 
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nanostructures supporting large bandwidth, i. e. nanostructures with wide extinction spectra are needed. 
In addition, femtosecond breakdown of nanoparticles has to be avoided [23]. In this paper, we will show 
that the behavior of individual nanorods with predesigned plasmonic properties can be tuned in a wide 
range by arranging them into periodic arrays with different lattice constant values. Beside the well-known 
shift of the extinction peak, here we focus on how field enhancement and temporal length of plasmon 
transients are affected by far-field coupling between the nanorods forming the array. Correlation between 
tunable extinction properties and plasmon oscillations at nanoparticle hot spots is also discussed what 
enables us to formulate criteria for the generation of enhanced few-cycle localized plasmon oscillations.  
 
Methods 
Experimental methods 
Gold nanorod array samples were fabricated with electron beam lithography (Raith eLINE Plus). For 
patterning, we used 950k molecular weight PMMA spin coated with 120 nm height on the top of an 
indium-tin-oxide (ITO) layer coated fused silica substrate. After the development of the PMMA, a gold 
layer of 40 nm thickness was evaporated onto the sample. Finally, the PMMA and the unnecessary gold 
was removed in acetone bath, resulting nanorods having dimensions of 310 nm length, 120 nm width and 
40 nm height (measured by scanning electron microscopy - SEM). The rods are arranged in regular square 
arrays with different lattice constants () along the x and y dimensions as indicated in Fig. 1. In the first 
group y is the same for all arrays (y=500 nm) and x changes from 500 nm to 1100 nm by 100 nm 
stepsize, while in the second group x is kept at 500 nm and y changes between 500 nm and 1100 nm.  
 
 
Fig. 1. SEM images of representative arrays having different lattice constant values. The size of the nanorods are 
the same for all fields. The length of the scalebar is 1 m. 
 
Extinction spectra of the nanorod arrays were recorded using a Broadcom Qred spectrometer (wavelength 
range: 890-1730 nm) coupled by an optical fiber to a Zeiss Axio Imager microscope supplied with a 10x 
magnification objective of 0.25 numerical aperture. We applied the linearly polarized beam of the halogen 
lamp of the microscope in transmission mode for illumination. Polarization direction was set along the 
nanorods’ longer axis.  
 
Simulation methods 
We performed finite-difference time-domain (FDTD) simulations with a commercially available software 
package (Lumerical) to determine optical response (extinction spectra) and near-field enhancement 
properties of the nanostructure arrays. The simulated 3D unit cell (having different x and y size values 
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corresponding to x and y parameters of the arrays, and 1000 nm for the z dimension) contained a gold 
nanostructure with rounded edges (radius of curvature was set to 20 nm based on the evaluation of 
curvature distributions on SEM images) on top of a bulk fused silica substrate covered with an ITO layer. 
The substrate was modeled with constant refractive index n = 1.45. The thickness and optical properties 
of the ITO were determined by spectroscopic ellipsometric measurement. Optical data of gold were taken 
from literature [24]. Periodic boundary conditions were applied in the directions perpendicular to the 
substrate surface, and perfectly matched layer (PML) boundaries in the parallel direction. For the 
simulations considering an individual nanostructure, PML boundaries were used in each side.  
 
The illumination source was a linearly polarized short pulse calculated from the broadband spectrum of a 
fiber laser system delivering 9.5-fs laser pulses around 1030 nm center wavelength (Active Fiber Systems 
GmbH). We recorded the absorbed and the scattered power inside and outside the source region by 
frequency domain field monitors to determine the near-field extinction spectra of the particles. For 
determining the field enhancement property of the individual nanorods, – after carrying out a numerical 
convergence study on the nanostructure meshing, – temporal shape of the plasmon transients recorded 
near the apices were used to determine the maximum field enhancement values. The amplitude of the 
incident light pulse was set to be unity. 
 
Results and discussion 
Before analyzing extinction spectra of our nanoparticle arrays shown in Fig. 1, we present how a single-
particle extinction resonance affects the temporal properties of localized plasmon oscillations generated 
by few-cycle laser pulses. For this, we numerically investigated the extinction spectrum, the achievable 
field enhancement and the temporal shape of the plasmon oscillations of an individual nanorod having 
dimensions of 310×120×40 nm3 (the same size as the ones forming our nanostructure arrays in the 
fabricated sample). These data are recorded at hot spots of the nanorod where the most prominent field 
concentration occurs. The size of the nanorod was chosen to show resonant behavior in the NIR spectral 
range. For the simulations, we applied the broad and structured spectrum of a fiber laser/parametric 
amplifier system delivering 9.5-fs pulses (intensity FWHM - this quantity is used for characterizing the 
temporal duration throughout the paper) having a spectral center-of-mass at a wavelength of 1030 nm 
operating at the ELI-ALPS facility (Fig. 2) [25].  
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Fig. 2. Spectrum of the exciting laser pulse (a) and its temporal shape (b). Simulated single particle extinction 
spectrum (c), and temporal shape of plasmon transient in the hot spot upon laser excitation (d). In the top left 
corner of figs. (b) and (d) the intensity FWHM values are shown.  
 
With the applied nanorod design, the individual nanorod shows a field enhancement factor of ~10 at the 
corners, while the temporal length of the plasmon transient significantly exceeds that of the exciting short 
pulse. The excitation pulse had 9.5 fs duration (intensity FWHM) but upon coupling this to localized 
plasmon oscillations, this increased to 12.9 fs due to the spectral filtering property of the plasmon 
excitation (with respect to the laser spectrum). To see how these properties are affected by far-field 
coupling in real samples containing nanorod arrays, we measured extinction spectra of nanorod arrays 
with different lattice constants () and compared experimental results to simulations.  
 
Lattice constants of the nanorod arrays were chosen in a way to achieve large variations in both the 
position and the broadening of the extinction spectrum of compared to that of the individual nanorod. For 
this, we changed the lattice constants in the x and y directions (indicated in fig. 1) independently (x and 
y). For far-field coupling, the interaction affecting the extinction properties is due to the nanostructures’ 
dipole fields which interfere to form collective radiation. The generated dipoles do not radiate along their 
axis (oriented parallel to the x direction), therefore variations in the x parameter have a small impact on 
the collective behavior governed by dipolar radiation. For y, the extinction peak exhibits a redshift as the 
lattice constant approaches the plasmon resonance wavelength (SP = 1260 nm, being equal to extinction 
position of the individual nanostructure), since in this case, the generated local optical fields around the 
nanostructures are added almost in-phase between neighboring particles [9]. Furthermore, the presence 
of an additional, grating induced peak is expected [13], if the lattice constant exceeds a critical lattice 
constant value. In this case, the corresponding grating order becomes radiative, and then it affects the 
shape of the extinction. The critical lattice constant is defined as  
 
 C=mSP/nsubs (1) 
 
where SP is the wavelength of plasmons, nsubs = 1.7 is the refractive index of the array substrate, and m is 
the grating order [13]. For our sample c = 740 nm (m=1), which means that signatures of the grating 
induced band may appear above this lattice constant. To probe these collective effects, we arranged our 
nanorods in regular square arrays forming two groups: in the first group y is the same for all arrays 
(y=500 nm) and x changes from 500 nm to 1100 nm by 100 nm stepsize, while in the second group x is 
kept at 500 nm and y changes between 500 nm and 1100 nm. 
 
Fig. 3 shows the extinction spectra belonging to different x and y values, the position and the width of 
the peaks. The overlap of the measurement and modeling indicates that we can describe the properties 
of nanostructure arrays sufficiently in our simulations. 
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Fig. 3. (a) and (b) Measured and calculated extinction spectra belonging to different x (a) and y (b) values. 
Position of the extinction peaks (c) and their FWHM values (d). Crosses represent data points belonging to the x 
series while open triangles denote the y series.  
 
Although the lattice constant in the x direction does not have much impact, as expected, small variations 
in peak position and FWHM values are still worth investigating plasmonic properties in this group of arrays. 
In the other group of arrays with changing y parameter both the redshift of the extinction peak and the 
broadening above the critical lattice constant parameter (c = 740 nm) are prominent (see Fig. 3 (d)). This 
broadening can help reducing spectral filtering of the broadband short-pulse laser to enable few-cycle 
plasmon oscillations. To test the effect of extinction broadening on the temporal character of plasmonic 
transients, we collected the time-dependent electric field (E(t)) at hot spots from the simulations (Fig. 4 
(a) and (b)). For the x series, the minimal duration of the plasmon wave belongs to the 900 nm lattice 
constant value. When varying the y, although amplitudes become smaller with increasing lattice 
constant, the temporal duration of the plasmonic field also decreases and approaches the duration of the 
exciting laser pulse (Fig. 4 (c)). If we correlate temporal durations with the FWHM values of the extinction 
spectra plotted in Fig. 3 (d), it can be concluded that temporal shape of the plasmon transients is mainly 
determined by the width of the extinction spectra (also shown in Fig 4 (d)) resulting in a ~11.4 fs minimum 
at x =900 nm (y = 500 nm) lattice constant and ~10.4 fs at y =1000 nm (x = 500 nm) lattice constant. 
Nanorod arrays belonging to the symbols at the bottom left corner of Fig. 4 (d) hint that short plasmon 
oscillations can be obtained also with rather narrow extinction spectrum. For these nanostructure arrays 
(x, y=800 nm and 900 nm) it is the shift of the extinction peak, i. e. the detuning of the nanoparticle 
resonance that hinders the long-lived plasmon oscillations. 
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Fig. 4. (a) and (b) Calculated temporal shape of plasmon transients at the hot spot of the nanorods belonging to 
different x (a) and y (b) values. (c) Duration of plasmon transients (intensity FWHM) plotted in fig (a) and (b) as a 
function of lattice constant. A clearer tendency can be observed if the duration is plotted against the FWHM value 
of the extinction spectra of the corresponding nanorod arrays (d). For figs. (c) and (d) the darkness of the symbols 
hints at the field enhancement factor being equal with the maximal amplitude of the temporal signal. 
 
Temporal signals enable also to extract field enhancement factors being equal to the maximal amplitude 
of the calculated plasmon field since in the simulations the amplitude of the incoming field is unity. From 
the point of view of field enhancement property, the two series exhibit different behavior: for arrays with 
different x values, field enhancement factors are similar, while for y, they decrease with increasing 
lattice constant (Fig. 5 (a)). Comparing these observations with the tendencies of Fig. 3 (c), one can draw 
the conclusion that for effective plasmon excitation and for large fields it is needed that extinction peaks 
stay close to the laser central wavelength. For x series with almost constant field enhancement, the 
variations in the extinction position are also negligible, while for y, spectra become redshifted providing 
less and less spectral overlap between the laser spectrum and the extinction curves, resulting in a 
continuous deterioration in field enhancement values. This observation is also supported by the 
representation of Fig. 5 (b), where the field enhancement values are plotted as a function of a parameter 
characterizing the spectral overlap between the laser spectrum and the extinction spectra. To calculate 
this overlap parameter, we multiplied the laser spectrum with each extinction spectrum and integrated 
these product curves. The field enhancement values show a clear and monotonous increase with spectral 
overlap parameter emphasizing that for effective plasmon generation the spectrum of excitation and the 
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extinction of the nanostructures should overlap as much as possible. This can be reached by the overlap 
between the main peaks of excitation and the extinction, i.e. by fulfilling resonance criterion.  
 
Fig. 5. Field enhancement factor plotted as a function of lattice constant (a) and against the parameter 
characterizing the overlap between laser spectrum and extinction curves (b).  
 
A plausible prediction could be that the temporal duration of plasmon transients would also show a clear 
tendency - a decay - with increasing the spectral overlap parameter but this is not the case. Really short 
plasmon oscillations in the case of our sample belong to arrays with broad but redshifted extinction. This 
indicates that for short plasmon transients it is more important to transfer spectral components of the 
laser evenly than to match the peaks of laser spectrum and the extinction curves perfectly. Avoiding the 
perfect resonance also prevents the nanoparticle to sustain long-lived plasmon oscillations.   
 
These opposite requirements, namely aiming at the overlap of the excitation spectrum and the extinction 
peak, and simultaneously for a broad and almost constant extinction spectrum make the generation of 
strongly enhanced but still few-cycle plasmon transients challenging. When we plot the duration of 
plasmon transients as a function of the field enhancement factor, we observe a constant increase in the 
duration of plasmonic field for most of the investigated arrays as the achievable near-field strength 
becomes larger (Fig. 6). The properties of the individual nanorod are also presented in this figure. The 
interesting points and the corresponding arrays are the ones located in the bottom right corner of Fig. 6. 
For these nanostructure arrays, the field enhancement is much larger than the one obtained for individual 
nanorods while the temporal durations are comparable. These points belong to nanostructure arrays 
realizing a tradeoff between the criteria for generating strongly enhanced and short plasmon transients: 
they exhibit a slightly broadened and a slightly redshifted extinction compared to the individual 
nanoparticle. It is also important to emphasize that by having the same nanoparticle and changing only 
the lattice constant of the arrays containing these identical nanostructures, the field enhancement factor 
can be increased almost by a factor of two compared to the field enhancement property of the individual 
nanoparticle. Tuning of lattice constants also makes it possible that the duration of the plasmon transient 
approaches the temporal length of the excitation due to the appearance of the grating induced band 
resulting in a broad and flat extinction.  
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Fig. 6. Calculated temporal duration defined as FWHM of intensity of plasmon transients at the hot spot as a 
function of the field enhancement factor. The gray square represents the value belonging to an individual nanorod.   
 
Conclusions 
By systematically changing the lattice constant for arrays containing identical nanorods, we could 
demonstrate experimentally how the grating induced effects influence the spectral position and more 
importantly the broadening of extinction spectra. We found that these changes of extinction have a strong 
impact on not only the achievable field enhancement but also on the temporal duration of plasmon 
transients. These observations shed light on important criteria of generating few-cycle plasmon 
oscillations with enhanced local fields. Based on these results, it is important to emphasize that for 
designing plasmonic nanostructures for applications requiring both large local fields and ultrashort 
plasmon oscillations at the same time, it is worth considering not just the tuning possibilities offered by 
the properties of the individual nanostructure but also the collective effects that can be easily tuned by 
the lattice constants of the nanostructure arrays. Our results are expected to have applications in the 
design of surface-enhanced Raman scattering templates, tailored plasmonic photocathodes, localized 
surface plasmon resonance sensors and many other applications of plasmonic nanostructures at surfaces. 
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